Although several functional magnetic resonance imaging (fMRI) studies have been conducted in human models of mild traumatic brain injury (mTBI), to date no studies have explicitly examined how injury may differentially affect both the positive phase of the hemodynamic response function (HRF) as well as the post-stimulus undershoot (PSU). Animal models suggest that the acute and semi-acute stages of mTBI are associated with significant disruptions in metabolism and to the microvasculature, both of which could impact on the HRF. Therefore, fMRI data were collected on a cohort of 30 semi-acute patients with mTBI (16 males; 27.83 -9.97 years old; 13.00 -2.18 years of education) and 30 carefully matched healthy controls (HC; 16 males; 27.17 -10.08 years old; 13.37 -2.31 years of education) during a simple sensory-motor task. Patients reported increased cognitive, somatic, and emotional symptoms relative to controls, although no group differences were detected on traditional neuropsychological examination. There were also no differences between patients with mTBI and controls on fMRI data using standard analytic techniques, although mTBI exhibited a greater volume of activation during the task qualitatively. A significant Group · Time interaction was observed in the right supramarginal gyrus, bilateral primary and secondary visual cortex, and the right parahippocampal gyrus. The interaction was the result of an earlier time-to-peak and positive magnitude shift throughout the estimated HRF in patients with mTBI relative to HC. This difference in HRF shape combined with the greater volume of activated tissue may be indicative of a potential compensatory mechanism to injury. The current study demonstrates that direct examination and modeling of HRF characteristics beyond magnitude may provide additional information about underlying neuropathology that is not available with more standard fMRI analyses.
Introduction

M
ild traumatic brain injury (mTBI) remains a poorly understood clinical phenomenon, despite lifetime incidence rates between 110 and 550 per 100,000 persons. [1] [2] [3] Recent evidence suggests that the cumulative effects of multiple mTBI may result in a four-fold increase in neurodegenerative diseases 4 and a unique neuropathological syndrome involving tauopathies in periventricular spaces and deep cortical sulci, with an overrepresentation of frontal and medial temporal pathology. 5 A single-episode mTBI is associated with subtle cognitive deficits within the first few weeks of injury that typically resolve spontaneously within 3 to 6 months for approximately 80-95% of patients. 1, 3, 6 Standard clinical neuroimaging sequences (computed tomography [CT] scans; T1 and T2-weighted images), however, are typically negative for the majority of patients, leading to a proliferation of studies that have attempted to define objective biomarkers of mTBI. 7 There has been great interest in using functional magnetic resonance imaging (fMRI) to study mTBI given the ability to perform in vivo measurements of neuronal function during demanding cognitive tasks 8 as well as during passive mental activity. [9] [10] [11] Previous fMRI studies have reported a mixed pattern of both hypoand hyperactivation during the semi-acute stage of mTBI, as well as no observable group differences. [12] [13] [14] [15] [16] [17] [18] [19] [20] During normal neurovascular coupling, the blood oxygen level dependent (BOLD) response represents an amalgamation of signals derived from the ratio of oxy-to deoxyhemoglobin (primary), cerebral blood flow (CBF), and cerebral blood volume (CBV). [21] [22] [23] Although the exact nature of neurovascular coupling is still being investigated, the BOLD response likely results from the glutamatergic signaling after excitatory neurotransmission and/or underlying increased metabolic demands. [24] [25] [26] The BOLD response is complex in nature, with the canonical hemodynamic response function (HRF) consisting of two primary components-a positive signal change that peaks approximately 4 to 6 sec post-stimulus onset, and a post-stimulus undershoot (PSU) that peaks 6 to 10 sec after the stimulus ends. 21, 27 In spite of this complexity, previous research on the BOLD response in both mild and more severe forms of TBI have typically estimated only a single parameter (typically a beta weight) by convolving a canonical HRF (e.g., a gamma variate or a double gamma variate function) with known experimental conditions (e.g., onset of a particular trial) to derive a predictor function (e.g., regressor). Importantly, this assumes that the different aspects of the HRF (positive phase and PSU) and their relationship to each other are largely unaffected by mTBI. To date, only a single study has explicitly examined the HRF in more severe TBI, 28 reporting that although basic visual stimuli were associated with an increased volume of activation in the TBI group, there were no differences in the basic shape of the HRF between groups.
There is a decoupling between CBF and oxidative metabolism after neuronal activation, 29 which leads to an excess in oxygenated blood and a decrease in the ratio of deoxyhemoglobin relative to oxyhemoglobin. This decoupling and subsequent change in the ratio of intravascular oxy-to deoxyhemoglobin primarily drives the positive phase of the BOLD response. 21 The biophysical origins of the PSU remain more controversial. An early model attributed the PSU to temporal delays between when CBF (earlier response) and CBV (delayed response) returned to baseline levels. 21, 30 More recent work, however, suggests that the PSU is still present when CBV has returned to baseline, 31 leading others to suggest that increased metabolic demands (cerebral metabolic rate of oxygen [CMRO 2 ]) after cellular signaling may contribute to the PSU. 31, 32 Thus, while metabolic changes after injury can be directly assessed using positron emission tomography, [33] [34] [35] the BOLD signal may also be affected by metabolic alterations after injury. Finally, other work implicates additional contributing factors to the magnitude of the PSU response such as stimulus properties (duration) and spatial proximity to source of activation. 36, 37 TBI has been shown to reduce cerebral perfusion, 38 decrease vascular reactivity, 39 and decrease the density and diameters of capillaries both at the injury site and diffusely. 40 Metabolic failure after TBI occurs even in the presence of normal perfusion, 41 with an initial decoupling between CBF and the cerebral metabolism rate for glucose (CMR glu ) during baseline states, followed by a generally reduced cerebral metabolism. 38, 42 Animal models suggest that alterations in CBF and CMR glu may be the most long-lasting physiological deficits of concussion. 42 However, the decoupling between CBF and CMR glu in animal models of mTBI have primarily been observed during baseline states (e.g., anesthetized animals), when a tight coupling 43 exists between CBF, CMR glu , and CMRO 2 . Thus, there is considerable impetus to more carefully examine the basic properties of the evoked HRF after mTBI.
The current experiment used a simple sensory-motor task with minimal cognitive demands in conjunction with a rapid eventrelated fMRI paradigm to investigate HRF abnormalities after mTBI. Based on previous results regarding the biomechanical forces accompanying mTBI, we predicted deep subcortical structures such as the thalamus and cerebellum would be more likely to be affected and thus show HRF alterations. 44 We also predicted that trauma-induced changes in microvascular integrity (reduced CBF and reduced microvasculature density) and resulting decreased CMR glu /CMRO 2 should result in a reduced magnitude of both the positive (i.e., hypoactivation) and negative (PSU) phases of the BOLD response for patients with mTBI relative to controls.
Methods
Participants
Thirty-two patients with mTBI and 32 sex, age and educationmatched controls were recruited for the current study. Two patients were identified as having excessive (greater than three standard deviations [SD]) motion (frame-wise displacement) on two of six parameters 45 and were subsequently eliminated from further analyses along with their matched controls. This left a final dataset of 30 patients with mTBI (14 females, 16 males; 27.83 -9.97 years old; 13.00 -2.18 years of education) and 30 matched controls (27.17 -10.08 years old; 13.37 -2.31 years of education). Of note, 24 of the patients with mTBI presented in the current study are independent from our two previous publications examining evoked BOLD responses. 18, 46 Inclusion criteria for the current study were based on the American Congress of Rehabilitation Medicine and included a Glasgow Coma Scale score of 13-15 (at presentation in the emergency department), loss of consciousness (if present) limited to 30 min, and post-traumatic amnesia limited to a 24-h period. 3 All patients with mTBI experienced a closed head injury resulting in an alteration in mental status at minimum (see online Supplementary Table 1 at ftp.liebertpub.com). Eighteen of the 30 patients with mTBI had a CT scan during their emergency department visit, but none of the scans indicated trauma-related pathology. Participants with mTBI and controls were excluded if there was a positive history of neurological disease, psychiatric disturbance, additional closed head injuries with more than 5 min loss of consciousness, learning disorder, attention deficit hyperactivity disorder, or a history of substance or alcohol abuse. At the time of assessment, three of the patients with mTBI were being prescribed medications for trauma-related issues. Informed consent was obtained from subjects according to institutional guidelines at the University of New Mexico.
Clinical assessment
Patients were evaluated both clinically (mean day post-injury = 15.00 -4.37) and with brain imaging (mean day post-injury = 14.97 -4.88) within 21 days of injury (see online Supplementary Table 1 at ftp.liebertpub.com). To reduce redundancy among similar neuropsychological measures, composite indices were calculated for the cognitive domains of attention, working memory, processing speed, executive function, and memory. 46 Self-report of emotional status (State-Trait Anxiety Index and Beck Depression Inventory-Second Edition), somatic complaints (Neurobehavioral Symptom Inventory), and cognitive complaints (Neurobehavioral Symptom Checklist) were also assessed. When possible, raw test scores were converted to T-scores (mean = 50, SD = 10) using published age-specific norms and then averaged to provide an overall composite score. The Wechsler Test of Adult Reading (WTAR) was also used to provide an estimate of overall premorbid intellectual functioning. The Test of Memory and Malingering (TOMM) allowed assessment of participant effort and cooperation. Independent sample t tests or multivariate analyses (MANOVAs) were used to compare demographic and clinical data across patients with mTBI and controls.
Task
All participants completed a sensory-motor detection task while undergoing fMRI on a 3.0 Tesla Siemens Trio scanner. Participants rested supine in the scanner with their head secured by a forehead strap, with additional foam padding to limit head motion within the head coil. Presentation software (Neurobehavioral Systems) was used for stimulus presentation, synchronization of stimulus events with the MRI scanner, and recording of response times. A white visual fixation cross (visual angle = 0.9 degrees) on a black background was rear-projected using a Sharp XG-C50X LCD projector onto an opaque white Plexiglas projection screen. Auditory stimuli were presented with an Avotec Silent Scan 3100 Series System.
Participants were simultaneously presented with a visual (blue box; visual angle = 4.3 · 6.5 degrees) and auditory (2000 Hz resampled with a 10 ms linear ramp) stimulus of 300 ms duration across 35 different trials. Participants were asked to press a button with their right index finger on the presentation of multisensory stimuli. The duration of the intertrial interval varied from 4 to 8 sec to prevent the development of temporal expectations, non-linear summing of the hemodynamic response, 47 and to allow for the best sampling of the hemodynamic response. 48 All participants briefly practiced the task in a separate session before scanning to ensure that they understood directions ( & 99% task accuracy across both groups). Echo-planar images (EPI) were collected using a single-shot, gradient-echo echoplanar pulse sequence (TR = 2000 ms; TE = 29 ms; flip angle = 75 degrees; FOV = 240 mm; matrix size = 64 · 64). Thirty-three contiguous sagittal 3.5-mm thick slices with a gap factor of 1.05 mm were selected to provide whole-brain coverage (voxel size: 3.75 · 3.75 · 4.55 mm). The first three images of the run were eliminated to account for T1 equilibrium effects, resulting in a total of 114 images for the final analyses.
MRI
Image processing and statistical analyses
Functional images were generated using Analysis of Functional NeuroImages software package. 49 Time series images were spatially registered in both two-and three-dimensional space to the second EPI image of the first run to minimize effects of head motion, temporally interpolated to correct for slice-time acquisition differences, de-spiked and blurred with a 6 mm full width at half maximum (FWHM) Gaussian kernel. Anatomical and functional images were then interpolated to volumes with 3 mm 3 voxels and converted to a standard stereotaxic coordinate space. 50 A deconvolution analysis was then performed on a voxel-wise basis to generate an unbiased HRF for the multisensory-motor stimuli. In addition, participants' six motion parameters were entered as regressors of no interest in the deconvolution analyses to reduce the impact of head motion on patterns of functional activation. Each HRF was derived relative to the baseline state (visual fixation plus baseline gradient noise) and based on the first 20 sec (10 images) post-stimulus onset.
The general form of a single condition deconvolution analysis (http://afni.nimh.nih.gov/afni/doc/manual/3dDeconvolve) based on 10 parameters can be represented by the following equation:
where the observed signal (Y) at each time point (n) is defined as a linear combination of a constant term (b 0 ), linear (b 1 ) or higherorder polynomial term, and the experimental condition (denoted by the vector h) multiplied by a binary vector ( f ) indicating whether the experimental condition occurred on the current and/or previous nine images. The solution is optimized by minimizing the ordinary sum of squares of the residual error term, represented by e(n).
Resulting beta coefficients were then normalized by dividing by the average model intercept (b 0 ) across the experimental run to form an estimate of percent signal change (PSC).
A one-way analysis of covariance (ANCOVA) with group as the factor was first used to compare the peak of the HRF (images occurring four to eight sec post-cue onset) as part of a more standard analytic approach. Within-group comparisons were also performed to identify the neuronal networks activated by the task.
A 2 · 8 (Group · Time) voxel-wise repeated-measures mixedeffect ANCOVA was then conducted to examine how mTBI affects different components of the HRF. An AR(1) autoregressive model was used to model the dependence of the time series data for the covariance matrix, 51 and subjects were treated as a random effect. In this analytic framework, a Group · Time interaction indicates regions where the HRF differed as a function of time. The main effect of time represents regions exhibiting variability across different coefficients and was deemed to be of insufficient interest (i.e., a high-rate of significant effects secondary to variability) for follow-up.
To further qualify group differences in the HRF for significant regions of interest (ROI), differences in peak, time-to-peak, area under the curve (AUC) and the FWHM were calculated using a non-linear regression with a double gamma variate function defined by:
where t is the current time point and A 0 , T 0 , E 0 , D 0 correspond to the peak amplitude, time delay, rise rate, and decay rate for the positive HRF response, and A 1 , T 1, E 1 , D 1 correspond to the same parameters for the PSU. A significant drawback of this approach, however, is the modelling of 8 parameters (double gamma variate function) for the 10 coefficients estimated from the deconvolution, significantly increasing the likelihood of data overfitting. To partially reduce this limitation, parameters were only fit for groupaveraged HRF data followed by estimation of peak and peak latency using the Matlab Symbolic Equation package. The FWHM and the absolute value of the AUC were calculated for both the positive HRF response and the PSU. For all analyses, a significance threshold corresponding to p < 0.005 was applied in combination with a minimum cluster size threshold of 1472 microliters (23 native voxels) to minimize false positives. This resulted in a corrected p value of 0.05 based on 10,000 Monte Carlo simulations. 52 
Results
Neuropsychological and clinical measures
Independent samples t tests indicated that there were no significant differences between patients with mTBI and HC ( p > 0.10) on major demographic variables (age, education, or sex) or for hand preference as assessed by the Edinburgh Handedness Inventory. 53 A compilation of all major neuropsychological and clinical indices are presented in Table 1 . One HC was not able to complete the neuropsychological testing battery, and another HC was an outlier on the TOMM in spite of normal performance on all other metrics. Therefore, this subject's data were removed for the TOMM. Independent samples t tests indicated a significant difference for the emotionality index (t 1,58 = 2.75, p < 0.05; mTBI > HC), with controls exhibiting below normal (composite T = 43.03) levels of depression and anxiety. There was also a significant difference (t 1,57 = -2.36, p < 0.05; HC > mTBI) in estimated levels of premorbid intellectual functioning (WTAR) in spite of similar educational backgrounds. Finally, there was a non-significant trend for difference in levels of effort (TOMM) between the two groups (t 1,32.10 = -1.81, p = 0.08; mTBI > HC), although effort for both groups was in the normal range (T ‡ 50).
The composite indices of attention, working memory, memory, processing speed, and executive functioning were correlated to varying degrees (r's ranged from -0.08 to 0.71). Therefore, a MANCOVA was performed to examine group differences in the cognitive scores using WTAR as an additional covariate. The multivariate effect of group was not significant ( p > 0.10), although the univariate effect for processing speed was significant (F 1,56 = 4.00, p = 0.05), with group means indicating slowed processing speed in the mTBI group.
A MANOVA was also performed on the three different indices obtained from the Neurobehavioral Symptom Inventory. The multivariate effect of group was significant (F 3,56 = 6.39, p = 0.001), with follow-up univariate tests indicating that patients with mTBI reported more cognitive (F 1,58 = 9.86, p < 0.005), emotional
Behavioral data
There were no outliers on measures of accuracy or response time for either group. Accuracy was near ceiling for both mTBI (99.7 -1.1%) and HC (99.4 -1.1%) samples such that additional analyses were not conducted. An ANCOVA with WTAR as a covariate was performed to examine group differences in median response times during task performance, but no significant differences in group performance were observed ( p > 0.10).
Structural imaging data
T1, T2, and susceptibility-weighted (when available) MRI images were reviewed by a neuroradiologist blinded to patient diagnosis. Three of the 30 patients with mTBI (all with negative CT scan) were deemed to have MRI findings that may have been secondary to trauma. Specific MRI findings included a subtle T1 hypointensity in the paracentral upper pons, clusters of potential Virchow-Robin spaces in the parietal white matter, and fluid signal in the left temporal lobe possibly related to volume loss. In contrast, none of the HC had any trauma-related positive findings on neuroradiological reads.
Functional imaging data
Two MANOVAs were first conducted to investigate any potential group differences in head motion (both rotational and translational displacements in image space), which could confound our interpretation of fMRI data. Results indicated that the multivariate effect of group, however, was not significant for translational motion ( p > 0.10) and only a trend for rotational motion ( p = 0.09), with effect sizes (Cohen d) for the six parameters ranging from -0.05 to 0.61.
Standard analyses of HRF peak images
A voxel-wise ANCOVA with group as a factor and pre-morbid intelligence quotient as a covariate was first performed to compare the images (4 to 8 sec post-stimulus onset) corresponding to the peak of the hemodynamic response function (i.e., more standard analyses). Results did not indicate any significant group differences in whole-brain analyses after correction for multiple comparisons.
Peak images were also examined for within-group effects (Fig. 1) to determine the regions responding to the task. Regions of significant activation were determined by comparing PSC of each group to baseline. Regions demonstrating activation across both the HC and mTBI groups included the bilateral primary and secondary auditory cortex (Brodmann areas [BA] 13/22/40/41/42), bilateral primary and secondary visual cortex (BA 17/18/19/30), bilateral cerebellum extending into fusiform and parahippocampal gyri (BA 19/35/36/37), left sensori-motor cortex (BA 2/3/4/6/40), left thalamic/subcortical (mammillary body and substantia nigra) nuclei and bilateral cuneus extending into the posterior cingulate gyrus (BA 17/18/23/30/31). Although the overall volume of activation could not be statistically evaluated across the two groups, the volume of activation was larger for the mTBI group (309.90 mL) relative to the HC (138.62 mL), with increased regions of activation occurring within the primary and secondary visual cortex, auditory cortex and the cerebellum.
A 2 · 8 (Group · Time) (2 to 18 sec post-stimulus onset) mixed effects whole-brain ANCOVA was performed next to examine 
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group differences in the shape of the HRF. The main effect of group was not significant after correction for false positives. However, there were several regions ( primary visual cortex (10 sec, 16 sec, 18 sec), right secondary visual cortex (12 sec, 14 sec, 16 sec, 18 sec), and supramarginal gyrus (12 sec, 14 sec) during the PSU. Similar non-significant trends in the PSU were also observed in the right parahippocampal gyrus.
To further qualify the above findings, the group-averaged HRF from each region was then fit with a double gamma variate function. A single value was then calculated from the fitted function for each group, precluding statistical analysis. A qualitative comparison of the magnitude of the fitted values (Table 2) , however, indicated that patients with mTBI exhibited larger peak amplitude, AUC, and FWHM during the positive phase of the HRF response within all ROI, with the largest effects observed within the primary visual cortex, right parahippocampal gyrus, and right supramarginal gyrus. During the PSU, mTBI showed a decreased response for these same parameters (peak amplitude, AUC, and FWHM) within every ROI except the primary visual cortex. Finally, the time-to-peak for both the positive and negative (i.e., PSU) phases of the HRF occurred earlier for patients with mTBI for all ROIs.
Discussion
The HRF represents a complicated physiological response that is dependent on changes in blood flow, blood volume, and ratio of deoxyhemoglobin to oxyhemoglobin, representing an indirect measure of neuronal activity. 54 It is widely recognized that the HRF comprises two major components consisting of both a positive and a negative phase (PSU), although previous fMRI studies of mTBI research have typically focused only on a single summary statistic. Current results did not indicate any significant group differences during the positive phase of the HRF using more traditional analytic techniques during a simple sensorimotor task. In contrast, significant effects were observed in the bilateral visual cortex, right supramarginal gyrus, and right parahippocampal cortex when the entire HRF was examined. Follow-up testing suggested that these effects were primarily driven by patients with mTBI exhibiting both a faster initial increase in the hemodynamic response (significant difference at the 2 sec time point) as well as reduction in the magnitude of the PSU relative to the HC group (across time points 10-18 sec).
Although patients with mTBI self-reported increased neurobehavioral symptoms (i.e., cognitive, emotional, and somatic symptoms) during the semi-acute injury phase, there were no statistically significant group differences on neuropsychological testing. This finding is consistent with previous results from our group in a largely independent cohort, 46 with null findings on traditional neuropsychological testing occurring potentially as a result of several different factors. First, previous data have indicated that cognitive deficits and other neurobehavioral sequelae may resolve within the first week of injury, 55 whereas our clinical data were collected approximately 2 weeks post-injury. Second, the effect sizes for neuropsychological tests are traditionally reported to be in the small to medium range during the semi-acute phase of injury. 56 Current effect sizes were generally in this range (Table 1) , and even assuming a medium effect size (Cohen d = 0.50), the current sample was only powered at 0.48 for detecting these subtle neuropsychological deficits with the current sample size. Finally, it is possible that individual patients experience different objective symptoms (e.g., patient A has processing speed deficits whereas patient B has executive dysfunction), and this heterogeneity in functioning across individual cognitive domains may be obscured during more traditional analyses that compare group means. 57 We had predicted that the diencephalon, deep cortical structures, and cerebellum would likely show the greatest abnormalities in the HRF based on our previous results from independent cohorts 20, 46 and biomechanical models of injury. 44 Current results, however, indicated an increased hemodynamic response in the bilateral primary/secondary visual cortex and the right parahippocampal gyrus approximately 2 to 4 sec post-stimulus onset. Quantitative modeling of the group-differences in the HRF suggested that these findings were likely the result of a faster time-to-peak within these regions for patients with mTBI relative to controls. In addition, visual inspection and volume counts of the within subject activation maps (Fig. 1 ) indicated larger areas of activation for the patients with mTBI relative to controls. Increased volume of activation and more rapid time-to-peak suggests that these regions are being recruited earlier and to a greater extent in patients with mTBI, indicating a potential compensatory measure after injury. Previous fMRI studies, however, have reported increased activation in 
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MAYER ET AL. mild 16 and more severe 28 TBI as well as a reduced volume of activation, 58 including our previous work. 46 Thus, more studies are needed to examine whether these conflicting findings are secondary to differences in task difficulty or other clinical factors.
In addition, the bilateral primary/secondary visual cortex, right hippocampus, and right supramarginal gyrus also showed a reduced PSU relative to HC. As discussed in the Introduction, the relative contributions from vasculature and/or metabolic mechanisms to the PSU is heavily debated, 36 indicating that the potential impacts of injury on physiology are even more confounding. The PSU is dependent on both oxidative metabolism and delayed CBV recovery 37, 59 and may be biased toward arteriolar-dependent changes in oxyhemoglobin levels. 60 An alteration in the normal relationship between CBF and CBV after TBI could result in a decrease in the amplitude of the PSU. 21 Reductions in CBF as a function of age, however, have not directly translated into a reduction in the BOLD PSU, 61 suggesting that other mechanisms such as a decrease in the number/width of microvessels 40 and/or alterations in vasocompliance after injury may also be contributing factors. Moreover, the exact spatial locations of the reductions in CBF are likely to be dependent on initial biomechanical injury forces, which are variable across individual patients.
Similarly, it has also been suggested that cellular signaling and the resultant increase in CMRO 2 may be a critical driver of the PSU. 31, 32 A close coupling exists between CBF, CMRO 2 , and CMR glu during baseline metabolism, with a decoupling between CBF/CMR glu and CMRO 2 after neuronal activity. 29, 62 This uncoupling may occur because glucose is consumed through anaerobic glycolysis rather than oxidative metabolism immediately after neuronal activity. Previous results from the animal literature indicate a complex response in CMR glu after mTBI that is characterized by an initial increase (lasting for approximately 20 min) followed by a reduction that lasts for several days post-injury. 42 Therefore, the reduced PSU observed in the current experiment may also result from a reduced baseline availability of CMR glu , given the known relationship CMRO 2 and CMR glu . 63 Finally, it is important to note that the current positive findings were relatively limited in scope to regions within the visual cortex and medial temporal cortex. Specifically, several other regions implicated in the task during within-subject analyses (e.g., auditory cortex, motor cortex, supplementary motor area, cerebellum, and subcortical regions) did not exhibit any group differences across the multiple time points constituting the HRF. The null findings in these regions are similar to a previous study that explicitly modeled the HRF in patients with severe TBI with a gamma variate function. 28 Although extending the results from simple sensory tasks to more complex cognitive processes is challenging, these largely null findings do not directly contradict the large body of literature on evoked BOLD responses in mTBI. In addition, the HRF in all areas exhibiting the interaction effect was characterized by a downward shift for HC relative to the mTBI group. Therefore, while all data were empirically evaluated and corrected for false positives, it will be important to replicate current findings in an independent sample of patients with mTBI.
There are several limitations to the current study. First, as reviewed in the introduction, animal studies have indicated impaired neuronal function, impaired neural control of the microvasculature, direct damage to the microvascular system, metabolic disruptions, and/or a combination of these findings following the transmission of biomechanical forces to the parenchyma. 40, 64 Thus, there are several underlying pathophysiological mechanisms that could putatively impact on the measurement of the HRF, and the contribution of each is difficult to disambiguate on the macroscopic level that neuroimaging data are obtained. Second, a small percentage of subjects were also being administered different medications for trauma-related symptoms that could have affected neurovascular coupling and hence the underlying HRF.
Finally, modeling three (i.e., a single gamma variate function) or eight free parameters (i.e., a double gamma variate function) based on 10 data points (i.e., measured HRF) increases the likelihood of modeling many different signal types (i.e., noise) rather than a true HRF. Further, the hemodynamic signal has a relatively low signal-tonoise ratio on a voxel-wise basis, which precluded fitting the HRF on an individual subject level. Previous studies 28, 65 have partially overcome this limitation by fitting the HRF with a gamma variate function, and upsampling the temporal resolution of the data. A single gamma variate function, however, precludes the examination of the PSU, 28 which was a primary objective of the current study.
Conclusion
Detectable functional imaging differences in patients with mTBI have been elusive. Both venous 30 and arteriolar compliance 66 models of the BOLD signal are heavily dependent on CBF and CBV, and therefore on the integrity of both venal and arteriole vessel reactivity. The vasculature and metabolic changes associated with TBI could significantly alter either the positive or the negative phase of the BOLD signal, and analysis relying on convolution of a canonical HRF with the observed signal may mask these different effects. By modeling the full time course of a deconvolved HRF, the current analysis provides a more comprehensive approach for investigating neuronal pathology after mTBI.
